Nickel (oxy)hydroxides (NiO x H y ) are promising cost-effective materials that exhibit a fair catalytic activity for the ethanol oxidation reaction (EOR) and could be used for sustainable energy conversion. Doping the NiO x H y structure with other metals could lead to enhanced catalytic properties but more research needs to be done to understand the role of the doping metal on the EOR. We prepared NiO x H y films doped with Fe or Co with different metallic ratios by electrodeposition and evaluated the EOR. We found a positive and negative effect on the catalytic activity after the incorporation of Co and Fe, respectively. Our results suggest that Ni atoms are the active sites for the EOR since Tafel slopes were similar on the binary and pristine nickel (oxy)hydroxides and that the formal potential of the Ni(II)/Ni(III) redox couple is a good descriptor for the EOR activity. This work also highlights the importance of controlled metal doping on catalysts and may help in the design and development of improved materials for the EOR.
Introduction
In the last years, much effort has gone into the study of the electrochemical oxidation of alcohols for energy-related applications such as fuel cells [1] or hydrogen generation [2] . Ethanol is very appropriate due to its lower toxicity and higher energy density compared to methanol and to the possibility of renewable production from biomass [3] . Precious metal catalysts, especially Pt or Pd, show high electrocatalytic activity towards alcohol oxidation at low potentials. However, these materials have several drawbacks, such as limited global availability, high cost and deactivation issues by irreversible oxidation [4] , or adsorption of poisoning species [5] . Therefore, the search for alternative earth-abundant electrocatalysts is still a constant concern. Nickel-based materials have been employed for the electrocatalytic ethanol oxidation [6] [7] [8] [9] due to their low cost and high stability in alkaline media. Some strategies to enhance the overall catalytic activity for alcohol oxidation involve the exfoliation of the nickel layered hydroxide [6] in order to generate more reactive sites and expose a higher number of them to the solution, the synthesis of nanostructured materials with controlled shape [10, 11] or the use of effective catalyst supports such as carbon nanoflakes [12, 13] or nanofibers [14] . The incorporation of other metal atoms to the nickel (oxy)hydroxide (NiO x H y ) structure is also a known method to change the catalytic properties of the material [15] .
For instance, bimetallic Co/Ni materials have been reported for the ethanol oxidation reaction (EOR) [16] [17] [18] . Carbon nanofibers modified with NiCo alloyed nanoparticles showed increased catalytic activity for ethanol oxidation [16] compared to the same material formed only by nickel nanoparticles. These alloyed nanoparticles were synthesized at high temperatures in a reducing atmosphere leading to elemental NiCo, which needed electrochemical activation to generate active nickel hydroxides for ethanol oxidation. Interestingly, the oxidation activity was different for different metal ratios. Similar conclusions were reached using graphene as the carbon support for the CoNi alloyed nanoparticles [17] . Mixed Ni-Co oxides with different structural properties were also reported for the ethanol oxidation in alkaline media [18, 19] . For instance, carbon nanotubes-supported NiCo 2 O 4 nanocomposite aerogels were used for this purpose [18] . The fibrous network of the nanotubes enabled the preparation of a material with uniform dispersion of NiCo 2 O4 nanoparticles that showed excellent activity for ethanol oxidation. Materials with different geometric structures such as mesoporous NiCo 2 O 4 fibers also showed enhanced activity compared to NiO and Co 3 O 4 materials [19] , demonstrating the positive synergistic effect of combining both materials.
Incorporation of Fe to NiO x H y has been widely employed for the oxygen evolution reaction (OER) as it has appeared as one of the best catalysts for this reaction [20] , but just a few reports have been published using NiFe or Fe-based (oxy)hydroxides for alcohol oxidation. For instance, a multicomponent NiFe hydroxide nanocatalyst was evaluated for oxygen evolution and methanol oxidation [21] . A slightly enhanced response was found using the bimetallic NiFe catalyst compared to a Ni material, and the material only composed of Fe showed a very low activity for methanol oxidation. In contrast, FeOOH nanorods modified with fluorine atoms was demonstrated as a great catalyst for both OER and EOR [22] . In summary, as suggested by the different reported materials, there is enough evidence that nickelbased catalysts modified with other metal and non-metal atoms can enhance the EOR activity and it is a good strategy for designing improved materials. Thus, a systematic fundamental study of the incorporation of different metals to NiO x H y materials for the ethanol oxidation is needed to understand the role of metal doping, which would facilitate the design of new materials with enhanced properties.
In this work, we evaluate the effect of Fe or Co incorporation on the ethanol oxidation activity of electrodeposited NiO x H y films in alkaline solution. Metallic (oxy)hydroxide catalytic films with different metal ratios were prepared by a simple electrodeposition method. Analytical and electrochemical characterization of the catalysts was performed to gain a deeper understanding of the effect of metal doping on the nickel (oxy)hydroxides for the ethanol oxidation reaction. We conclude that the ethanol oxidation follows the same mechanism in the binary materials and the pristine nickel films, suggesting that only the nickel atoms are the active sites.
Material and Methods

Reagents and Solutions
Ni(NO 3 ) 2 , Co(NO 3 ) 2 , FeCl 3 , K 4 [Fe(CN) 6 ], NaNO 3 , ethanol absolute, and NaOH were purchased from Merck. For experiments in the absence of Fe, the NaOH electrolyte was cleaned to avoid impurities using Ni(OH) 2 as an Fe absorbent following a previously reported method [23] . Ultrapure water obtained with a Millipore DirectQ3 purification system from Millipore was used throughout this work.
Electrochemical Measurements
Electrochemical measurements were performed using a PAR273A potentiostat/galvanostat in a 100-mL glass three-electrode cell with a Pt mesh counter electrode and Ag/AgCl reference electrode (in contact with the solution through a Luggin capillary). A nickel disk (1 cm 2 , geometric area) with electrodeposited films was employed as working electrode. A titanium disk electrode (1 cm 2 , geometric area) was employed when the films were generated in the absence of nickel. The disks were polished before each experiment using 1-μm polishing alumina and washed with ultrapure water in an ultrasonic bath. The potential of the working electrode was converted in relation to the potential of the reversible hydrogen electrode (RHE) using the following Eq. 1:
All the electrochemical experiments were performed at room temperature (21 ± 1°C). After electrodeposition of catalysts, one cyclic voltammetry between + 0.8 Vand 2.15 V (vs RHE) at 10 mV/s was performed in 0.1 M NaOH just before carrying out the ethanol oxidation experiments. Data shown in the figures is the average of three independent measurements and the error bars are the standard deviation of those measurements.
Electrochemical Deposition of Catalytic Materials
Electrodeposition was conducted onto disk electrodes using an unstirred solution with 0.1 M total metal concentration. When using Fe(III) solutions, sodium nitrate was added to keep a constant concentration of nitrate at 0.1 M in all the solutions. Electrochemical deposition was performed in a two-electrode cell with a carbon rod as a counterelectrode by applying a cathodic current of − 5 mA cm −2 for 30 s. After the deposition, the electrodes were rinsed with ultrapure water. In order to simplify the nomenclature, the binary materials are named as Ni 1-x M x O y H z , where the x is the atomic fraction of the metals as recorded by energy-dispersive X-ray spectroscopy (vide infra).
Estimation of the Electrochemical Surface Area
Electrochemical surface area (ECSA) was estimated from the electrochemical double-layer capacitance (C dl ) of the catalytic surface as widely employed in the literature [24] [25] [26] . Capacitance was determined by measuring the capacitive current associated with double-layer charging in a cyclic voltammetry experiment at different scan rates (10, 25, 50, 75, 100 mV s
−1
). The potential range was from + 0.8 to + 0.9 V, where a non-Faradaic response was observed (Fig. S1 ). The capacitive current was measured at a potential of 0.85 V for the anodic and cathodic curves, and by plotting (i = (i anodic −icathodic )/2) versus the scan rate, the double-layer capacitance was estimated [27, 28] . Capacitive current is related to the double-layer capacitance and scan rate as given by Eq. 2. Figure S2 shows the linear relationships between the current and the scan rate obtained for different electrodeposited materials, which is consistent with capacitive charging behavior. The slope of this representation provides the C dl . Then, the ECSA of the catalyst was calculated from the C dl using Eq. 3 and the specific capacitance (C s ) of the material. For metallic oxides/hydroxides, the specific capacitances are usually near 0.04 mF cm −2 in alkaline media [25] and this value was used for the calculations. Figure S3 shows the ECSA calculated using this method for the different electrodes prepared by catalyst electrodeposition. Current densities for the voltammetric data were normalized by the ECSA hereinafter.
Compositional and Structural Characterization of Catalysts
The catalysts were electrodeposited as previously described and to avoid the effect of the electrode substrate in the characterization, the films were rinsed with ultrapure water, left to dry, and scraped carefully to get a powdered sample. This process was repeated several times in order to get enough material for the characterization. The compositional analysis and determination of the experimental metallic ratio of the catalyst films were carried out by energy-dispersive Xray spectroscopy (EDS). The powdered samples were placed on carbon conductive tabs and analyzed on a JEOL JSM-7000F scanning electron microscope using the integrated EDS detector. An acceleration voltage of 15 kV was applied. The crystalline properties of the catalysts were analyzed using powder X-ray diffraction (XRD) recorded with a PANalytical PRO MPD diffractometer in BraggBrentano geometry with 1.5406 Å Cu Kα1 radiation, using a 2θ range of 8.0-70.0°and a step size of 0.033°. Samples for XRD analysis were carefully grinded to a homogenous powder and deposited with the aid of isopropanol on a zerobackground sample holder based on a Si wafer for use in reflection geometry.
Results and Discussion
Analytical Characterization of Metallic Catalysts
Catalysts were characterized by EDS to obtain information about the chemical composition. Figure 1a shows the EDS spectrum of the catalyst formed by electrodeposition from a monometallic nickel solution. The spectrum shows the presence of nickel and also a significant presence of oxygen, which suggests that the material is formed by some kind of nickel oxide or hydroxide. A signal for carbon was also observed in the spectra, coming from the carbon tab used to hold the powdered sample. Similar results were found for the catalysts formed by the other monometallic precursors (Fe or Co) as can be observed in Fig. 1b and c . These spectra only showed the presence of the precursor metal and oxygen. Spectra for bimetallic materials (Fig.  S4) showed the presence of both metals, and the experimental atomic metallic ratio was estimated (Table 1) . In general, the catalysts had experimental compositions with lower Ni:M ratios than the precursor solution. XRD analysis of selected samples was performed in order to determine the crystallographic features of the catalytic materials. In general, a low crystallinity was found for all the analyzed nickel-based materials. [29] , also in agreement with the low crystalline pattern [23, 30, 31] due to the quite disordered structure. The generation of α-Ni(OH) 2 can be explained since this phase can be formed when a rapid precipitation process occurs from Ni 2+ in presence of OH − [32] , which is a kinetically driven process. Therefore, we propose that the main mechanism of the precipitation comes by reduction of NO 3 − ions [32] or hydrogen evolution that generates a local environment near the electrode surface with a high concentration of OH − (Eqs. 4-6) leading to deposition of disordered α-Ni(OH) 2 . It is well known that conversion of α-Ni(OH) 2 to β-Ni(OH) 2 is possible by repeated cycling the electrode surface in alkaline media or thermal treatment since it is the most thermodynamically stable phase. However, it has also been demonstrated that α-Ni(OH) 2 is more catalytically active than β-Ni(OH) 2 for alcohol or water oxidation and that the oxidation to Ni(III) occurs at less positive potentials [32] . Enhanced electrocatalysis of α-Ni(OH) 2 can also be explained by other factors such as the more facile ionsolvent intercalation [32] or the formation of a γ-NiOOH phase which has a higher oxidation state than β-NiOOH [33, 34] , and, consequently, higher oxidizing power. Figure 2 (red line) also shows the XRD pattern of the monometallic cobalt material, CoO x H y . In this case, some wide peaks were observed at 2Θ of 10.8, 33.7, and 51.5, and around 60°, and narrower peaks, suggesting a more crystalline phase, were also observed at 2Θ of 19.1 and 38.0°. It may be challenging to assign some of these peaks to the correct structure, but it seems clear that the wide peak at 10.8°can be assigned to the (001) lattice plane of low-crystalline α-Co(OH) 2 [35] while the narrow peak at 19.1°can be definitely ascribed to the (001) lattice plane of crystalline β-Co(OH) 2 [36] . Therefore, this material seems to be a combination of the α and β phases of Co(OH) 2 
Effects of Incorporated Metals on the Ethanol Oxidation
Cyclic voltammograms at a scan rate of 10 mV s −1 were recorded in 0.1 M NaOH to study the redox processes of the nickel-electrodeposited films. The typical redox processes for the oxidation and reduction of Ni(II)/Ni(III) species in alkaline media were observed in the voltammograms (Fig. 3a , blue curve) with anodic and cathodic peak potentials of 1.48 and 1.28 V (vs RHE), respectively. These redox waves are typically attributed to the anodic oxidation of Ni(OH) 2 to the oxyhydroxide species, NiOOH, and the cathodic reduction back to the initial species (Eq. 7). However, it has also been proposed that the reaction entails the transfer of more than 1 e − per Ni atom and higher oxidation states than + 3 could also be formed [34, 37, 38] . This may be related to the formation of Fig. 1 Spectra obtained by energy-dispersive X-ray spectroscopy of the catalytic materials using monometallic precursor solutions: a nickel catalyst, b cobalt catalyst, c iron catalyst. The different metals composing the catalysts can be clearly differentiated by using the K lines from the spectra 2 is assumed to generate γ-NiOOH [33] , which has a higher formal oxidation state (between + 3.5-3.67) [34, 38] than β-NiOOH typically generated from β-Ni(OH) 2 . This usually results in enhanced catalytic activity for both alcohol [32] and water [31] oxidation. Another anodic process can be observed in the voltammetric curve of the blank solution at higher potentials than the NiOOH formation, which is assigned to the OER.
In the presence of 1 M ethanol (Fig. 3a , red curve), a strong increment of the anodic current was observed with a peak potential at about 1.91 V (vs RHE), which is assigned to the EOR. Fleischmann et al. [39] proposed that the Ni(III) is directly involved in the alcohol oxidation and it has been supported by other works [40, 41] . This mechanism has been disputed because in some cases, the oxidation proceeds at higher potentials than the formation of Ni(III) [42, 43] , which questions the direct involvement of the Ni(III) sites. Our results are in good agreement with the former possibility as the onset potential of the EOR coincides with the potential of the Ni(II) oxidation, suggesting that the Ni(III) formed in this process is strongly involved in the EOR. A mechanism of the EOR by NiOOH has been previously proposed (Eq. 8) [40] , and widely studied under different conditions [44] [45] [46] [47] . Briefly, in this mechanism, the electrogenerated Ni(III) can oxidize ethanol by an initial dehydrogenation step typically leading to acetaldehyde and/or acetate [48] . The lower cathodic peak current of the Ni(III) reduction in presence of ethanol is also a strong indication of the direct involvement of Ni(III) in the EOR (Ni(III) is reduced during ethanol oxidation and less is available for the electrochemical reduction).
The voltammograms obtained for the bare Ni electrode are also shown in Fig. S5 for comparison. For the bare electrode, a significantly lower activity for the EOR is observed. This fact demonstrates that the electrodeposited nickel film is essential to achieve a high catalytic activity for the EOR.
The effect of incorporating Fe or Co into the NiO x H y films was studied. The electrodeposition was performed under the [49] . It is reasonable to assume a similar behavior for the EOR in these bimetallic catalysts. Interestingly, for the mixed NiCo catalysts, two different oxidation processes were observed in the same voltammetric curve (Fig. 3c , red dotted curve): one dominating at lower potentials (peak potential at 1.79 V vs RHE) and the other one dominating at higher potentials (peak potential at 2.07 V vs RHE). The peak potential in the latter case is close to that observed for the CoO x H y catalyst, suggesting that two different types of active sites are available. Another possibility is that the ethanol reaction pathway would result in an initial subproduct able to be oxidized at a slightly higher potential than ethanol. Low catalytic activity was observed for the CoO x H y catalyst in agreement with previous results [50] , with higher onset potentials than for Ni(OH) 2 . The EOR using the CoO x H y catalyst occurred at potentials higher than the oxidation of Co(II), suggesting a different mechanism than for Nibased materials. Figure 4 shows some of the voltammograms obtained in the absence of ethanol using different electrodeposited materials. In general, the incorporation of Fe to the Ni catalyst shifted the peak potential of the Ni(II) oxidation towards more positive potentials, while Co incorporation had the opposite effect. This fact agrees with the activity observed for the EOR and also suggests that the formed NiOOH plays a direct role in the ethanol oxidation using Ni-based materials.
Effects of the Metallic Ratio on the Catalytic Activity and Reaction Mechanism
The effect of the ratio of incorporated metal on the EOR catalytic activity was evaluated by following the potential at a current density of 10 mA cm
. Figure 5 shows the variation of this potential in relation to the percentage of the incorporated Co or Fe into the NiO x H y and in the absence of Ni (FeO x H y or CoO x H y ). Incorporation of Fe affected the catalytic activity negatively, increasing the potential at 10 mA cm
. Catalysts formed by NiFe (oxy)hydroxides are one of the top catalysts for the OER and it has been proposed that Fe atoms are the active sites for that reaction [37, 51] . The results found for the EOR suggest that these reactions are affected by different factors. In contrast, the incorporation of Co positively affected the catalytic activity for the EOR decreasing the potential necessary to achieve the same current density. The optimal catalyst was Ni 0.69 Co 0.31 O x H y , which showed the highest activity (in terms of onset potential and peak current density). When CoO x H y was employed as the catalyst material, the potential increased up to values similar to those found for the Fe-based catalysts, indicating a lower activity than for NiCo or pristine Ni films. In summary, our results suggest that the incorporation of different cations to the Ni (oxy)hydroxide structure can influence the catalytic activity in different ways. It is worth to mention that the synthesis of Ni-based materials employed for the EOR should consider the possibility of accidentally incorporating metallic impurities that could influence the catalytic activity of the material as shown for Fe in OER catalysts [23] .
In order to evaluate the effect of the metal incorporation on the reaction mechanism, an analysis of Tafel slopes was performed. In this case, the voltammograms were recorded at 2 mV s −1 in order to mimic a steady-state behavior and the EOR was evaluated at potentials close to the onset potential. The Tafel slopes obtained by plotting the potential versus the logarithm of the current density provides information associated with the rate determining steps of the electrochemical reaction. Figure 6 shows the effect of different incorporated metals on the Tafel slope. A similar value (60-70 mV dec −1 ) was found for the Ni-based catalysts with incorporated Fe or Co. The observation of similar Tafel slopes for all the Ni-based catalysts suggest a similar reaction mechanism with a similar rate-determining step for the EOR. The Tafel slopes obtained for the FeO x H y and CoO x H y materials were significantly higher, indicating more sluggish kinetics or a different reaction mechanism. These results are in agreement with Ni alone being the active sites involved directly in the EOR because the incorporation of Fe or Co changes the catalytic activity (increased by Co, decreased by Fe) as observed in the voltammetric curves (onset potentials, current densities) but does not show any significant variation on the reaction mechanism or kinetics as suggested by the observed similar Tafel slopes. It is also interesting to compare the Tafel slopes obtained for the nickel-based catalysts in our work with other previously reported values. Many previous works using nickel-based catalysts [52] [53] [54] have reported higher Tafel slopes, ranging from 120 to 160 mV dec −1 in most cases. However, the catalyst materials were usually synthesized by thermal processes at high temperatures or pretreated by electrochemical cycling, which usually leads to the formation of the more thermodynamically favorable and crystalline structure, β-Ni(OH) 2 . It is well known that α-Ni(OH) 2 can form γ-NiOOH during oxidation, which shows a significantly higher catalytic activity for alcohol oxidation than the β-Ni(OH) 2 /β-NiOOH system [32] . Therefore, it is reasonable to assume that the enhanced catalytic activity of the α-Ni(OH) 2 /γ-NiOOH system could lead to a lower Tafel slope. Low slopes, similar to our results, were found in the initial works by Fleischmann et al. using nickel electrodes for organic compounds oxidation [39, 55] when they proposed the oxidation mechanism involving Ni(III). Similar or even lower Tafel slope values for ethanol oxidation have been found at optimized multimaterial noble-metal catalysts [56, 57] .
Effect of the Electronic Properties of Nickel Atoms on the Activity
It has been previously proposed that the addition of different metals to the structure of NiO x H y could increase the catalytic activity of these materials towards the OER by an electronwithdrawing effect from the nickel sites to the incorporated atoms [23, 58, 59] . The formal potential E 0 ′ of the nickel redox couple (Ni
) could then be an activity descriptor if these atoms are involved in the reaction (active sites) and if the electronic properties of the nickel atoms affect the catalytic activity. Figure 7 shows the correlation between the E 0 ′ of the nickel redox couple for different metallic ratios and the potential at 10 mA cm −2 . The E 0 ′ was calculated as the average of the anodic and cathodic peak potentials of the Ni(II)/ Ni(III) processes in the absence of ethanol. The incorporation of Fe increased the E 0 ′ while Co decreased it compared to pristine Ni. There seems to be a correlation between the values of E 0 ′ and the catalytic activity (for different metallic ratios), so that high values of the nickel E 0 ′ have a negative influence on the catalytic activity and lower values enhance the catalytic activity. These results suggest that the electronic properties of the nickel atoms, as reported by the formal potential of the Ni redox couple, affect the ethanol oxidation. Adding Fe makes it more difficult to oxidize Ni(II), and the opposite happens with Co, which could be the reason why the overpotential for the NiCo catalysts is lower. These facts would agree with the direct involvement of Ni(III) in the EOR and with Ni being the active site in these catalysts. It is worth to mention that the catalytic activity and/or Ni(II) oxidation of bimetallic materials may also be influenced by other processes such as the adsorption energies of the reactants/products or parameters influencing the diffusion processes within the (oxy)hydroxide structure such as the crystal lattice constant, presence of counterions [60] , availability of vacant sites [61] , or local stress field [62] . The combined effect of those properties would probably explain the different activity of the catalyst at different metallic ratios. In any case, our results suggest that the electronic properties of the nickel active sites may play an important role during the ethanol oxidation. Thus, the formal potential of the Ni(II)/Ni(III) redox couple seems to be a good general descriptor of EOR activity on nickel bimetallic catalysts, and its calculation could be a simple and rapid method to understand the activity of different nickel-based catalysts. In this regard, it may be very interesting to evaluate materials formed by incorporation of Y to nickel hydroxides, since they seem to shift the formal potential to less positive values [63] .
Conclusions
We evaluated Ni (oxy)hydroxide films with the incorporation of increasing amounts of Fe or Co for the EOR. Co doping led to enhanced EOR catalysis while Fe addition showed a negative effect. A Tafel slope analysis indicated that the EOR follows the same mechanism in pristine nickel hydroxide than in binary catalysts. The catalytic activity was well correlated with the electronic properties of the nickel atoms as given by the formal potential of the Ni(II)/Ni(III) redox couple. Both findings are consistent with the nickel atoms being the active sites for the EOR. These results help to understand the effects of metallic doping in nickel (oxy)hydroxides on the catalytic activity and mechanism for the EOR and may be significant for the development of improved materials. 
